Acoustic radiation force impulse imaging for aneurysms by Tierney, Áine P. et al.
Acoustic Radiation Force Impulse Imaging for 
Aneurysms  
Áine Tierney1,2,3, Douglas Dumont3, Anthony Callanan1,2,  Tim McGloughlin1,2 
1. University of Limerick, Materials and Surface Science Institute, Limerick, Ireland 2. University of Limerick, Centre for 
Applied Biomedical Engineering Research, Dept Mechanical & Aeronautical Engineering, Limerick, Ireland 3. Duke University, 
Department of Biomedical Engineering, Durham, NC 27708, USA 
 
 
Abstract— A method for reliable, noninvasive estimation of 
Abdominal Aortic Aneurysms (AAA) wall mechanics may be a 
useful clinical tool for rupture prediction. An in vitro AAA model 
was developed from an excised porcine aorta, with elastase 
treatment. The AAA model behaviour was analysed using 
Acoustic Radiation Force Impulse (ARFI) imaging techniques to 
generate displacements in both aneurysmal and normal aortic 
tissue. The incremental modulus of the arteries was indicative of 
early collagen recruitment, typical in aneurysms due to elastin 
degradation. Opening angle measurement showed a four fold 
decrease from healthy aorta to AAA model. The mechanical 
changes that occur during aneurysm formation were found to be 
detectable using ARFI imaging.  
An in vivo aorta was imaged to demonstrate the viability of 
excitation of abdominal aorta using ARFI imaging.  B-mode and 
ARFI images were acquired for one diseased aorta in a female 
volunteer. Cardiac motion was minimized using ECG-triggered 
beam sequences, and ARFI images were acquired during 
diastole. Residual motion was treated with a linear motion filter. 
Diseased aortic images revealed greater displacement in the 
intraluminal thrombus than the wall of the aorta.  
Keywords- Abdominal Aortic Aneurysms, Acoustic Radiation 
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I. INTRODUCTION 
An Abdominal Aortic Aneurysm (AAA) is a focal balloon 
like dilation of the terminal aortic segment that occurs 
gradually over a span of years[1]. The usual definition of AAA 
is an infrarenal aorta of diameter greater than 30mm[2]. 30-
50% of patients with a ruptured AAA die before they reach 
hospital. Even with surgery, there is 50-70% mortality rate 
associated with rupture.The majority of AAA’s are 
asymptomatic until rupture; this has led them to become the 
13th most common cause of death in the US[3].  
The pathogenesis of AAA formation is not understood well. 
They are characterised by a destruction of elastin and collagen 
in the arterial wall. The underlying problem in aneurysmal 
disease is this weakening of the aortic wall resulting in 
progressive dilation leading to eventual rupture[4]. 
Acoustic Radiation Force Impulse (ARFI) Imaging is a 
relatively new imaging modality which has been developed in 
Duke University (Durham, NC, USA) over the last ten years. 
Acoustic radiation force is a phenomenon associated with the 
propagation of acoustic waves through a dissipative 
medium[5]. It is caused by a transfer of momentum from the 
wave to the medium, arising either from absorption or 
reflection of the wave[6]. This momentum transfer results in 
the application of a body force in the direction of wave 
propagation[7].  
In an absorbing medium, and under plane wave 
assumptions, this force can be represented by the following 
equation [6, 8-10] 
c
I
c
WF absorbed α2==    (1) 
where F [dyn (1000 cm)-3], or (kg s-2 cm-2), is acoustic 
radiation force, Wabsorbed [W (100 cm)-3] is the power absorbed 
by the medium at a given spatial location, c [m s-1] is the 
speed of sound in the medium, α [m-1] is the absorption 
coefficient of the medium, and I [W cm-2] is the temporal 
average intensity at a given point in space. For a focused 
acoustic beam, the radiation force is applied throughout the 
focal region of the acoustic beam.  
 
This paper uses ARFI to examine the material responses in 
aortic tissue and in phantom AAA animal tissue models 
examining the effect of elastin reduction on mechanical 
parameters. This paper hypothesises that ARFI could be 
implemented to provide additional information ex vivo on the 
changing mechanical properties of an AAA which lead to 
rupture. It also investigates feasibility of utilising ARFI 
imaging to interrogate abdominal aortas, in vivo.  
II. METHODS 
A. Test Samples 
Excised Porcine Aortas were obtained from Sierra for Medical 
Science (P.O. Box 5692 Whittier, CA 90607-5692). Three 
Aortas were imaged after excision to determine their original 
properties. Measurements were taken on all samples tested 
after being excised in their healthy state and a second 
measurement was taken after a phantom aneurysm was created 
on part of the sample. Segments of the samples were finally 
tested in an opening angle test. A stretch ratio of 1.3 was used 
in experimental procedures. 
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B. Formation of Phantom Aneurysm 
After initially imaging the aortas in their original excised state, 
they were subjected to enzymatic treatment of Porcine 
Pancreatic elastase [11-13]. A plastic cuff was used to clamp 
the aorta 2/3 along its length proximally. The middle 1/3 of 
the aorta was infused with Porcine Pancreatic elastase 
(LeeBioSolutions, #345-10, Concentration 20U/ml). A second 
plastic cuff was applied distally to the solution to clamp the 
middle section and allow the elastase solution to only infuse 
this section. The intraluminal infusion of porcine pancreatic 
elastase solution was allowed for 4 hours. The enzymatic 
treatment was adapted from earlier reports on degradation of 
elastin. After elastase infusion treatment, the aortas were 
flushed through with PBS to remove any residual enzyme on 
the surface. An Ancure Balloon (Endovascular Technologies, 
Menlo Park, CA, USA) was then inflated at the elastase 
treated section to dilate the aorta to 1.3 times its original 
diameter. The inflated balloon was left in the aorta for 6 hours. 
The artery was in a phosphate buffered solution (PBS) at 37ºC 
for duration of all treatments.    
C. Ultrasound measurement  
All ex vivo imaging was implemented on a Siemens Antares 
TM platform (Siemens Medical Solutions USA, Inc., 
Ultrasound Division, Issaquah, WA). The scanner has been 
modified to allow user control of the acoustic beam sequences 
and intensities and access to raw radiofrequency (RF) data.  
In vivo settings 
For in vivo imaging, a curvilinear transducer, CH4-1, was used 
at relatively low transmit frequencies (2.22 MHz). For in vivo 
imaging, two techniques were utilized to minimize artifact 
from motion external to the applied radiation force. Clinical 
sequences were synchronized to vessel systole to limit 
artifacts from vessel pulsation. In addition, acquisition time 
for clinical sequences was reduced using parallel-receive beam 
forming techniques [14]. Shortening the acquisition time with 
parallel-receive ARFI reduces both patient exposure and the 
likelihood of motion artifacts, both physiological and 
patient[14].  
Ex vivo settings 
The excised artery was attached to cannulae in closed pressure 
apparatus in a water bath. The apparatus enabled 
pressurization of the aortic specimen up to 200mmHg. The 
specimen was preconditioned by 10 inflation-deflation cycles 
of pressure range 0mmHg to 100mmHg. Prior to data 
acquisition, the axial imaging focus was adjusted to the 
location of the vascular wall. During experimentation, the 
specimen was hydrostatically pressurized in the physiological 
range 0-200mmHg. 
Aortas were imaged after excision to determine their original 
properties, with a VF10-5 handheld transducer at a frequency 
of 8MHz. The scanner has been modified to allow user control 
of the acoustic beam sequences and intensities and access to 
raw radiofrequency (RF) data.  
D. Data Analysis 
Motion filters were applied to the data to reduce artefacts 
from physiological and transducer motion. Displacements were 
computed by correlating the reference pulse with sequentially 
acquired tracking pulses transmitted after the pushing pulse. 
Estimation of the speed with which elastic waves propagate 
through the lateral locations at each pressure step for the 
differing arteries was also calculated, in order to measure the 
changing stiffness of the arteries with pressure change[15]. The 
stiffness elastic properties of the arterial wall are expressed in 
terms of the Hudetz incremental elastic modulus[16]. The 
Hudetz Incremental Elastic Modulus is shown in equation 2.  
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Where dout is external diameter, din is inner diameter; p is 
the pressure at dout  
The Hudetz Incremental Elastic Modulus is plotted versus 
r/R, where r is current radius, R is original radius, which can be 
defined as circumferential stretch. 
III. RESULTS 
 
Diameters of the arteries could be measured directly from the 
ultrasound screen, at each pressure step. B-mode images of the 
artery during experimentation showed preferential dilation of 
the elastase treated artery.   
 
Figure 1.  B-mode image of excised arteries during experimentation (a) 
Normal artery (b) Elastase treated artery  
The opening angles for the normal aorta and elastase treated 
rings were 83.2 ± 4.6º and 20.0 ± 8.5º respectively. The 
opening angle measurement from the normal and elastase 
treated aorta ring specimens is shown in figure 2  for specimen 
2. 
The Hudetz Incremental Elastic Modulus is shown plotted 
against r/R in figure 3 for Aorta 2. It also shows the pressure 
variation against r/R on the secondary axis, solid black lines 
corresponds to the modulus axis; dashed grey lines corresponds 
to the pressure axis. The differing behaviour between the two 
tissues is apparent in this graph with a 35.7% difference in 
moduli at 120mmHg. The elastase artery modulus ramps up 
exponentially at lower pressures compared to the more gradual 
increase of the normal artery. There is also greater 
circumferential stretch, r/R, induced in the elastase artery. 
 
Diameter Diameter 
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Figure 2.  Opening Angle Measurements (a)  Normal Aorta: θ = 85 degrees, 
(b) Elastase Aorta: θ = 19 degrees, The angle was measured from the original 
centroid location of the uncut aortic ring. 
 
  
Figure 3.  Hudetz Incremental Elastic Modulus, solid line corresponds to the 
modulus axis, dashed line corresponds to the pressure axis, r is current radius, 
R is original radius  
Analysis of the ARFI generated displacement and calculated 
Hudetz Incremental Elastic Modulus is shown in Figure 4. It is 
shown that for each of the individual arteries, in both their 
elastase and normal state, similar trends are evident in the 
displacement-modulus behaviour. The difference between 
elastase and normal displacements falls to 0.2 microns and 0.5 
microns for Aorta 1 and 2 respectively at modulus of 0.3MPa, 
with greater displacements in the normal artery for both Aorta 
1 and 2. It is also evident here, from the difference in 
displacement profiles, that there is inter-individual variation in 
the properties of the native vessels, due to the important 
muscular component of their wall. 
The dashed average line exhibits the average behaviour of 
the two arteries. A female volunteer with previous AAA 
diagnosed, as per Figure 5, b-mode image, was also examined. 
From the in vivo b-mode images it was possible to measure the 
aortic diameter.  
An intraluminal thrombus, ILT, is evident in the AAA scan 
as crescent shaped, which results in a reduction of the fully 
 
Figure 4.  ARFI displacement versus Hudetz Elastic Incremental Modulus, 
for Aorta 1 and 2 [Mechanical failure of Aorta 3 in initial testing meant it 
could not be analysed in this fashion] 
 
Figure 5.  B-mode image of female volunteer AAA  
circular lumen.  Diseased aortic images revealed greater 
displacement in the ILT than the wall of the aorta, Figure 6. 
The wall of the AAA patient demonstrates 1.6microns of 
ARFI displacement. If this displacement is related to the 
average behaviour of displacement versus Einc, it relates to an 
Incremental Modulus of 1.5MPa.  Dobrin showed Einc between 
0.3MPa and 2.5MPa for pure collagen walls compared with 
0.3MPa for pure elastin walls. This suggests that this is not just 
a diametrical change in the artery but has been coupled with a 
decrease in elastin content.   
IV. CONCLUSION  
Figure 1 shows B-mode images showing a 
longitudinal view at the same pressure for both arteries. There 
is a definite preferential dilation of the elastased artery versus 
the normal artery as is symptomatic of aneurysmal aortas. A 
circumferential b-mode image also allows diametrical 
measurements be taken easily at each pressure increment.  
An artery ring springs open into a sector after a radial cut. 
Elastin is the protein constituent of connective tissue 
responsible for this elasticity and recoil of the tissue[17]. The 
elastase enzymatic treatment performed on the porcine aortas is 
thought to replicate the elastin degradation in aneurysms. The 
opening angle characterizes the residual strain in the unloaded 
state. The opening angle measurements prove this 
experimentally, with an average elastase treated opening angle 
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of 20.0 ± 8.5º and an average normal aorta opening angle of 
83.2 ± 4.6º. 
 
Figure 6.  ARFI displacement of in vivo AAA, x – ILT, l – lumen  
The Hudetz Incremental Elastic Modulus is an 
indicator of the inherent elastic properties of the artery. Figure 
3 indicates significantly higher Hudetz Incremental Elastic 
Modulus values for the elastase treated vessel compared to the 
normal vessel at similar pressures i.e. at 120mmHg the normal 
Modulus is 0.04MPa compared to 0.077MPa in the elastase 
vessel. In the normal group, the incremental modulus 
increases slowly, whereas the elastased group incremental 
modulus has a substantial and continuous increase. Also 
evident from this graph, there is substantially greater 
circumferential stretch in the elastased group. At 100mmHg, 
there is 57.3% more circumferential stretch induced in the 
elastased group. This is indicative of an early and substantial 
collagen recruitment in the absence of elastin. In the normal 
artery, at low inflation pressures, the load is carried almost 
exclusively by the elastin fibers and the diameter increases 
gradually. As inflation pressure continues to increase, collagen 
fibers will start to engage yielding a progressively stiffer 
vessel wall and there is less diametrical increase. In the 
elastased arteries, after initial rapid diameter increase, collagen 
starts to engage at lower pressures due to the absence of 
elastin. This limits the elastic response of the artery and yields 
a substantially stiffer vessel even at low inflation pressures. 
The median circumferential stretch of the normal aorta of 1.23 
is similar to values reported by[18]. 
 
Comparison of the ARFI displacement and Hudetz 
modulus in Figure 4 reveals very little difference between 
each arteries trends. Previous analysis had demonstrated 
preferential stiffening of the elastase arteries, but similar 
trends between their displacements is evident here at similar 
moduli before and after elastase treating. This suggests that 
ARFI displacements could also be engaged to provide 
information on the materials modulus and the stage of 
aneurysm development.     
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